Abstract: The unprecedented dependence of final charge separation efficiency as af unction of donor-acceptor interaction in covalently-linked molecules with ar ectilinear rigid oligo-p-xylene bridge has been observed. Optimization of the donor-acceptor electronic coupling remarkably inhibits the undesirable rapid decayofthe singlet charge-separated state to the ground state,y ielding the final long-lived, triplet chargeseparated state with circa 100 %e fficiency.T his finding is extremely useful for the rational design of artificial photosynthesis and organic photovoltaic cells towarde fficient solar energy conversion.
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Photoinduced electron transfer (ET) is one of the most fundamental processes in physics,c hemistry,a nd biology.I n the reaction center of natural photosynthesis,p hotoinduced ET generates al ong-lived charge separation (CS) state with circa 100 %e fficiency, leading to light-to-chemical energy conversion. [1] In contrast, photoinduced CS at the interfaces of organic photovoltaic cells and dye-sensitized solar cells generates an electron-hole pair, eventually achieving light-toelectricity conversion. [2] However,t he interfaces of semiconductor-dye and donor-acceptor (D-A) in artificial photosynthesis and organic photovoltaic cells often suffer from the partial or even large loss of the CS state at the early stage, which is still controversial and not fully understood owing to inevitable inhomogeneous spatial distribution of D-A components. [3] In this context, D-A linked systems have generated remarkable interest over the last few decades. [4] TheD -A covalent linkage can eliminate complex factors arising from diffusion in solutions and assess the photoinduced ET properties precisely with the help of homogenous spatial distribution of the D-A components.S of ar,t hese systems have provided fundamental information on photoinduced ET. Impact of various ET parameters,s uch as driving force (DG 0 ET ), electronic coupling (V), reorganization energy (l), and temperature (T), on ET rate has been evaluated by using elaborated D-A linked molecules.I np articular, aw elldefined D-A linked molecule with arigid bridge has allowed us to shed light on photoinduced ET more accurately. [5] Herein we show unprecedented dependence of the final CS efficiency (F CS )o nt he D-A interaction (that is,e lectronic coupling) that can be changed systematically in the D-A linked models with ao ne-dimensional (1D) nonconjugated bridge.W eh ave thoroughly examined the photoinduced ET properties by using femtosecond to microsecond timeresolved transient absorption (TRTA)a nd electron paramagnetic resonance (TREPR) spectroscopies.
In this study,w es ynthesized as ystematic series of D-A linked molecules ZnP-xy n -C 60 (n = 1-5) with discrete chemical structures to address the effect of electronic coupling on photoinduced CS and charge recombination (CR) as well as on F CS (Figure 1 ). To assess the ET processes,zinc porphyrin (ZnP) as adonor and C 60 as an acceptor were chosen owing to their excellent ET properties. [6] We also selected rectilinear rigid oligo-p-xylene bridges between ZnP and C 60 because they are known to exhibit length-independent electronic structure,which is highly suitable for evaluating true distance dependence of tunneling coherent ET. [7] Details on the synthesis and characterization are provided in the Supporting Information. ZnP-C 60 -ref, [8] ZnP Table S1 ). Thefluorescence of ZnP is quenched by C 60 in ZnP-xy n -C 60 ,suggesting the occurrence of ET and/or energy transfer (EN) from ZnP first excited singlet state (ZnP S1 )t oC 60 (Supporting Information, Figure S1 b). With decreasing the number of the xylene unit the fluorescence is decreased gradually,r eflecting the distance dependent attenuation of the ZnP fluorescence quenching by C 60 .
TRTA spectroscopy was performed for ZnP-xy n -C 60 with selective excitation of the ZnP chromophore. Figure 2bshows femtosecond to picosecond TRTA component spectra of ZnP-xy 2 -C 60 in PhCN obtained from global five-exponential fit of the data. Thef irst and second components (t = 0.2, 1.2 ps) can be assigned to the internal conversion (IC) from the ZnP second excited singlet state (ZnP S2 )t oZ nP S1 associated with vibrational relaxation. Thet hird component with negative absorption at 560, 600, and 660 nm can be attributed to the decay of ZnP S1 owing to the bleaching and stimulated emission of ZnP S1 .The fourth component with t = 660 ps exhibits characteristic absorption of the ZnP radical cation (ZnPC + )at600-700 nm and C 60 radical anion (C 60 C À )at 1000 nm, [8] corroborating the formation and decay of the CS state.N ote that the final component with t > 10 ns reveals very weak absorption resembling the CS state,which has not been detected before (Supporting Information, Figure S2 a). We also conducted nanosecond to microsecond TRTA measurements for ZnP-xy 2 -C 60 in PhCN.S urprisingly,t he CS state,w hich seems to decay to the ground state with t = 660 ps,still survives and recombines to the ground state with t = 0.56 ms ( Figures 2c,d ). To shed light on the discrepancy between the TRTA behaviors in the different time regions, nanosecond TRTA measurements were carried out. The decay of the initial CS state cannot be probed completely because of the limit of the time resolution (a few ns), but the simultaneous rises of ZnPC + at 600-700 nm and C 60 C À at 1000 nm with t = 12 ns are evident (Figures 2e,f). From these results,wecan conclude that the initially formed CS state with spin-singlet character decays to the ground state and/or is converted into the intermediate state,which is detected as the fifth component with the weak absorption in the picosecond TRTA measurement. Then, this intermediate,t entatively assigned as atriplet exciplex state,isfurther transformed with t = 12 ns into the CS state with spin-triplet character (Figure 3a) . [9] Similar results were obtained by revisiting the previously reported ZnP-C 60 -ref (Supporting Information, Figure S3 ). [8] Thep hotodynamics of ZnP-xy 1 -C 60 is largely comparable to those of ZnP-xy 2 -C 60 and ZnP-C 60 -ref (Supporting Information, Figure S2 ). Nevertheless,o wing to the stronger D-A electronic coupling,a fter IC from ZnP S2 to ZnP S1 (t = 0.15 ps), the decay of ZnP S1 (t = 1.6 ps) generates the singlet exciplex state,asseen in analogous ZnP-C 60 linked molecules with one phenylene bridge. [10] TheZ nP emission decays with t = 2.2 ps,which is close to the TA decay rate.The exciplex state is transformed with t = 12 ps into the singlet CS state and then seems to decay with t = 132 ps to the ground state in the femto to picosecond TRTA measurement. However,t he significant triplet CS state is detectable in the nanosecond to microsecond TRTA measurement, suggesting the partial conversion of the singlet CS state to the triplet CS one via the triplet exciplex state (Figure 3a) . As seen in the photophysics of ZnP-xy 1 -C 60 ,Z nPxy 2 ( Figure 4d ). This profile is well consistent with the nanosecond to microsecond TRTA decay ( Figure 2d and Table 1 ) of the CS state.Thus,the EPR signal is assigned to the triplet CS states generated after spinlattice relaxations in the spin sublevels,r esulting in the absorptive thermal equilibrium spin populations (see the Supporting Information for details). From Figure 2b [a] The ET rate constant could not be determined because of the overlappingoffluorescence in the nanosecond to microsecond measurement.
[b] Although the rate constantsfor the decay of the singlet CS state (k CR1 + k x3 )were determined,those for the formation of the triplet exciplex state from the singlet CS state (k x3 )could not be obtained owing to the very weak absorption. ) where ZnP is selectivelyexcited. [13] [e] The absolute F CS value of ZnP-C 60 -ref in PhCN (85 %) was determined by TA measurement in deoxygenated PhCN at the excitation wavelength (532 nm) where ZnP is selectively excited.
[8a] These values are listed in parentheses.
in-plane triplet sublevels were directly populated in the ZnP T1 moiety by the SOC-induced CR from the singlet CS state.
[11a]
In the present system, the unpaired orbital in C 60 C À possesses the p-orbital components orienting to several directions because of the spherical spin distribution in the C 60 moiety. Thus,during the CR process to yield the p*orbital of the 3 pp* character in ZnP T1 from C 60 C À to ZnPC + ,c ertain angular momentum changes are expected to be accompanied along the X and Y principal axes (for in-plane directions in ZnP T1 , see the Supporting Information, Figure S4 ) in the spin-spin dipolar coupling in 3 (ZnP-xy 2 -C 60 )*.
[11b] Here we consider the triplet populations of (p X :p Y :p Z ) = (0.44:0.44:0.12) for the zero-field spin sublevels (X, Y,a nd Z,r espectively) in the precursor triplet exciplex dominated by ZnP T1 -xy 2 -C 60 assuming the dipolar coupling parameters of D =+0.030 cm À1 and E =+0.001 cm À1 (see the Supporting Information). Using the triplet electron spin polarization transfer (ESPT) model, [11c] we have computed the delay time dependence of the TREPR signals of the CS state (the fitted lines in Figure 4 ) initiated by the SOC-induced CR. Theg ood agreements have been obtained in Figure 4b ye mploying the dyad geometry shown in the Supporting Information, Figure S4 . This result complemented the characteristics of the triplet CS state supporting the sequential transformation to the triplet CS state via the triplet exciplex state generated from the shortlived singlet CS state (Figure 3a ;s ee the Supporting Information, Figure S4 for details) .
By increasing the number of the xylene unit from n = 2to n = 3, the relaxation pathway is altered greatly (Figure 3b ). In the case of ZnP-xy 3 -C 60 in PhCN,athree-exponential global fit is sufficient to analyze the femtosecond to picosecond TRTA (Supporting Information, Figure S5 a) . Thef irst component with t = 1.5 ps is attributable to IC from ZnP S2 to ZnP S1 .T he second component has distinct negative absorption at 560, 600, and 660 nm and lifetime t = 870 ps,w hich agrees with the fluorescence lifetime (790 ps) and thus can be assigned to the decay of ZnP S1 .G iven the fluorescence lifetime of ZnP-ref (1.70 ns) , the additional relaxation channel has t = 1.78 ns.T hus,5 1% of ZnP S1 undergoes ISC to generate the ZnP T1 state.ZnP T1 decays to the ground state without yielding the triplet CS state,w hich agrees with the final CS efficiency(see below). Theelectronic coupling for CS from the ZnP T1 state to the C 60 moiety would not be sufficient for the occurrence of the CS owing to the insufficient overlap of p orbitals between the planar porphyrin and xylene spacer by the orthogonal geometry.T he relaxation channel for the rest of 49 %c an be either ET or EN from ZnP S1 to C 60 . Considering that ET rate is reduced more rapidly than EN rate with an increase in the D-A separation distance together with the almost the same fluorescence lifetime in toluene and PhCN,ENrather than ET would prevail. Nanosecond TRTA reveals the characteristic absorption derived from ZnP T1 at 850 nm, C 60 first excited triplet state (C 60 T1 )a t7 00 nm, and C 60 C À at 1000 nm (Supporting Information, Figure S5 d,e). By analyzing the rise of absorption at 660 nm, ET from ZnP to C 60 T1 takes place with t = 16 ns.N anosecond to microsecond TRTA measurement exhibits the decay of the triplet CS state with t = 1.6 ms(Supporting Information, Figure S5 b,c) . Analogous,b ut less efficient EN from ZnP S1 to C 60 ,f ollowed by ISC and CS from ZnP to C 60 T1 is noted for ZnP-xy 4 -C 60 (Supporting Information, Figures S6 and S7) . [12] Thep hotodynamics of ZnP-xy 5 -C 60 is almost identical to that of ZnP-ref, demonstrating little or no occurrence of ET and EN in ZnPxy 5 -C 60 (Supporting Information, Figure S8 ).
To quantify the DG 0 ET dependence on the ET rate constants (k ET ), Equation (1) was employed, where k B is the Boltzmann constant and h is the Planck constant.
[8b]
The DG 0 ET values were electrochemically determined in different polar solvents by using ZnP-ref and C 60 -ref,whereas the k ET values were also measured in the same solvents (Supporting Information, Tables S2-S4).
[8b] TheE Tp arameters obtained by Equation (1) are listed in Table 1 ( Supporting Information, Figure S9 ). With an increase in the R ee value, the l values are increased, while the V values are decreased gradually.T he distance dependence of V is frequently described by Equation (2), where V 0 is am aximal electronic coupling and b is ad ecay coefficient (damping factor) that depends on the nature of the bridge,energy gap between the HOMO or LUMO level of the bridge and Do rA ,a nd electronic coupling between DorAand the bridge.
The b value is calculated to be 0.52 À1 (Supporting Information, Figure S10 ), which is comparable with the previously reported b values of 0.52 and 0.77 À1 for oligop-xylene bridge. [7] Finally,w ee stimated the F CS value of the triplet CS state by comparing the absorbance of C 60 C À under the identical absorbance at l ex = 410 nm. With ad ecrease in the electronic coupling the F CS value is increased dramatically and reaches am aximum of 99 %f or ZnP-C 60 -ref [13] and then drops rapidly.T he decreasing trend for n = 3-5 can be interpreted by slowing down the EN rate from ZnP S1 to C 60 , and thus increasing yield of ZnP T1 ,which does not contribute to intramolecular CS.T or ationalize this large gap in the CS efficiency in the region of relatively strong D-A electronic coupling,t heoretical calculations for the electronic coupling between the singlet CS state ( 1 CS) and the ground state ( 1 GS) were performed. Thee lectronic coupling for ZnP-xy 1 -C 60 is much larger than that for ZnP-xy 2 -C 60 ,s upporting the remarkably smaller F CS value of ZnP-xy 1 -C 60 compared to that of ZnP-xy 2 -C 60 (Supporting Information, Figure S11 ).
This dramatic dependence of the F CS value on the electronic coupling highlights the importance of tuning electronic coupling for optimizing final CS efficiency.A tt he short D-A separation distance (R ee ), the initially formed singlet CS state decays to the ground state and/or is competitively converted into an ewly found intermediate state (that is,t riplet exciplex), which is further transformed into the triplet CS state.Optimization of the D-A interaction remarkably inhibits the undesirable rapid decay to the ground state,y ielding the final long-lived triplet CS state with circa 100 %e fficiency. This also raises an alarm over the conventional interpretation of frequently observed undesirable fast CR in term of semi-classical Marcus theory for ET,which has been explained by the strong vibration-ET coupling. [14] This could be associated with the evolution of the barely detectable triplet exciplex state,which would govern the fate of the relaxation, that is,decaying directly to the ground state versus generating the triplet CS state.T hese unprecedented finding on the final CS efficiency,w hich is accessible only from the present models,w ill give us ap ractical blueprint for highly efficient artificial photosynthesis and organic photovoltaic cells by fine-tuning of donor-acceptor interaction.
